[1] Certain qualitative changes in turbulent eddy mixing during transitional regimes towards stronger stratification are highlighted using high-resolution numerical simulations. The behavior of turbulent eddy mixing parameters found in this study is consistent with some recent observational results in stably stratified shear flows in the atmosphere. In particular, the flux Richardson number increases, saturates and then decreases after a critical value of the gradient Richardson number (Ri g ) around 2.0. Correspondingly, there is also a transition from a decreasing trend in the turbulent eddy mixing coefficient for momentum to an increasing one at the same critical Ri g . The implication of the study is that such a transition can be of quite general interest in sheared flows under stronger stratification (with significant wave dynamics), and needs to be accounted for in the parameterization of microscale atmospheric turbulence.
Introduction
[2] The possibility that eddy mixing coefficient of momentum (K m ) might increase with the gradient Richardson number (Ri g ) has recently been pointed out through observations in stably stratified, katabatic atmospheric boundary flows [Monti et al., 2002, hereafter referred to as M02] , and also stably stratified shear flows in laboratory experiments [Strang and Fernando, 2001 , hereafter referred to as SF01]. This result is somewhat counter-intuitive to the common wisdom that turbulent mixing will be stronger as Ri g decreases below the critical Ri g about 1/4 predicted by the linear theory, through the onset of Kelvin-Helmholtz (KH) type shear instabilities. However, as pointed out by SF01, a transitional regime from KH dominated regime to wave instabilities (i.e., growing Hölmböe and/or internal waves) can occur when Ri g is O(1). Under strongly stably stratified conditions, dominated by wave-like motions, countergradient heat fluxes and production of turbulent motions by the buoyancy term in the kinetic energy budget are rather typical [Komori et al., 1983; Einaudi and Finnigan, 1993] .
[3] The generality of the transitional scaling behavior for K m , reported in SF01 and M02, is yet to be established. To our understanding, so far no numerical simulations have reproduced such a scaling. The main contribution of the present work is to demonstrate the possibility of K m increasing with Ri g in datasets obtained through high resolution numerical simulations in the context of shear stratified turbulence in a nonuniformly stratified tropopause jet. The reliability of the dataset (and hence that of the present result) is confirmed by the quasi-balanced nature of the budgets of turbulent kinetic energy and vertical fluxes (see section 3). It is expected that the present study might thus provide valuable information in interpreting transitional flow behavior in a variety of atmospheric flows under relatively stronger stratification in comparison to shear.
[4] High-resolution numerical simulations of jet-stream generated turbulence (at vertical scales on the order of 1 m-10 m), with nonhomogeneous vertical profiles of mean shear and stratification, have been the focus of our previous studies using the fully nonlinear, three-dimensional (3D), incompressible, stratified Navier-Stokes equations, under the Boussinesq approximation Joseph et al., 2003 Joseph et al., , 2004 
Model and Simulation
[5] The Boussinesq model and simulation methodology used in the present study is exactly the same as those described in JMNT, and hence are not repeated here. Essentially, the model equations are forced by horizontally homogeneous momentum and thermal source terms (but partially balanced by basic state viscous terms) that maintain a background (synoptic-scale) jet-stream and the doubling of N across a model tropopause throughout the simulation. The simulation is continued until quasi-balanced budgets for turbulent velocity variances and fluxes (i.e., a quasi-equilibrium) have been obtained. In the parameter setup of the present simulation, the only differences from JMNT are in the stratification parameter N = 0.6, and the GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L23111, doi:10.1029 /2004GL021055, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL021055$05.00 kinematic viscosity, n = 0.0005 (instead of 0.2 and 0.0001, respectively for N and n, used in JMNT). The numerical simulation has a resolution 128 Â 128 Â 1024, in a normalized computational domain:
and z[À5.5, 5.5]. The domain is centered at the jet maximum located at z = 0, and is periodic in the horizontal direction. The rescaled vertical coordinate is Z = za, where a is a stiffness parameter in the Gaussian-type function used for the momentum source. The robustness of the results presented in this paper has been verified at two vertical resolutions (512 and 1024 levels). The scaling curves in Figures 4 and 5 in section 3 are found to be identical with doubled numerical resolution.
Results
[6] The vertical profiles of turbulent mean streamwise velocity (U) and total mean potential temperature (Q), BruntVäisälä (or buoyancy) frequency (N), vertical shear of the mean horizontal velocity (S = ((@U/@z) 2 + (@V/@z) 2 ) 1/2 ), and
2 ) at the quasi-equilibrium stage of the numerical simulation are presented in Figure 1a -1c, respectively. The corresponding turbulent variances and vertical momentum and heat fluxes are given in Figure 2 . One significant feature that deserve attention is the N 2 -bulge near the centre of the jet (Figure 1b) , which is an effect of stronger stratification (cf. JMNT). This results in a secondary peak for the fluctuating temperature variance (through the gradient production) near the center of the jet (cf. Figure 2a) . Within the core of the jet, on either sides, Ri g is less than 1/4, thus conducive for shear instabilities. The present simulation has a range of Ri g which lies within atmospheric measurements (cf. M02). Examining Figures 1a and 2b , it is clear that the fluxes, hu 0 w 0 i and hq 0 w 0 i, are down-gradient. In this paper, an angle bracket hÁi always denote a horizontal average (because of horizontal homogeneity in the background flow configuration).
[7] The budgets of q 2 = hu 02 + v 02 + w 02 i, which is proportional to the turbulent kinetic energy (TKE), the momentum flux hu 0 w 0 i and the heat flux hq 0 w 0 i, for the present horizontally homogeneous case, are given in Figure 3a -3c. The notations in the figure denote shear production (SP), buoyancy (B), dissipation (D), vertically-redistributive transport (TR; including contributions from triple moment, pressure, and dissipation), and the gradient production (GP) terms. Interested reader may refer to their expressions in JMNT. The buoyancy contribution in the TKE budget had been negligible in the strongly sheared case (cf. JMNT), while it becomes significant in the present simulation under stronger stratification. We have also splitted the vertical transport terms in these budgets in order examine the relative strengths of contributing terms (figures not shown for the sake of brevity); the main results are summarized below. In the TKE vertical transport term, pressure contribution is the largest, corresponding to a gain near the centre and a loss on either sides of the jet. The triple-moment transport is interestingly nearly out-of-phase with the pressure transport, in agreement with strongly sheared case examined in JMNT. In the hu 0 w 0 i budget pressure and triple moment transport terms are of comparable magnitude, and show nearly in-phase relationships. However, in the budget of hq 0 w 0 i, pressure contribution is the single dominating one and the triple-moment contribution is much smaller. In all the three budgets, the dissipative contributions to the vertical redistribution (transport) are negligible. (Figure 3c ). The inner core region, inward of the IP levels, will be referred to as the inner scaling region (denoted by open symbols in Figure 4) . The region outside of the IP levels are called the outer scaling region (denoted with filled symbols in Figure 4 ).
[9] One important aspect we wish to emphasize in this paper is the saturation of Ri f (Figure 4a ) and a transition in the scaling behavior of K m (Figure 4c ), both of which occur at Ri g % 2, along the most stably stratified outer scaling branch in the upper flank of the jet. After this transition, Ri f shows a tendency to decrease and K m shows a tendency to increase as a function of Ri g . This finding is in qualitative agreement with observational results for stably stratified nocturnal boundary layer flows [cf. Pardyjak et al., 2002; M02] and shear-stratified flows in laboratory experiments (cf. SF01). From Figure 4b , a similar transition along the outer scaling branch for the turbulent Prandtl number Pr t occurs around Ri g % 2 with Pr t % 1 before the transition, and a sharp increase up to Pr t % 10 after the transition. Similar transitions for Pr t have been observed in stably stratified atmospheric boundary layers by Kondo et al. [1977] and Gossard and Frisch [1987] with the same range of Pr t À1 between 1 and 0.1, with a sharp decrease around Ri g % 1.
[10] In Figure 5 , a more appropriate non-dimensionalization of K m and K h , rescaled by hw 02 i/S, suggested in M02 also yields similar features with transition at Ri g % 2. The rescaled eddy coefficients are denoted by a prime in this figure. As proposed in M02, it is likely that increasing influence of buoyancy, for Ri g > O(1), accentuate internal gravity wave activity, which sustains transport of momentum, but not much of the heat fluxes. This is indicated by Figure 5 ). The importance of wave-turbulence interactions resulting in significant coupling between different vertical levels, through nonlocal transport terms, is being recognized through observational studies in the stable atmospheric boundary layer [Einaudi and Finnigan, 1993; Finnigan, 1999] . We have also examined the budgets of turbulent vertical fluxes of momentum (hu [11] The whole scenario also bears some correspondence with the linear stability analysis by Lott et al. [1992] of a shear layer, with an N 2 -notch, which demonstrates the coexistence of propagating wave modes in addition to Kelvin-Helmholtz modes [see also Davies and Peltier, 1979] . The scaling transition along the outer branch appears consistent with the expectation of propagating wave instabilities identified by Lott et al. [1992] outside of the N 2 notch in the more stably stratified regions.
Conclusion
[12] An important point in this study concerns the increase of K m with Ri g (for Ri g > 2) noticed in Figure 4c , which is in qualitative agreement with the results from stably-stratified nocturnal katabatic flows M02] . As pointed out in the latter study, the dominating role of internal wave instabilities is attributed as the cause for this seemingly anomalous scaling behavior in our simulation data too. Correspondingly, the flux Richardson number increases, saturates and then decreases after a critical value of the gradient Richardson number (Ri g ) around 2.0. The implication of the present study is that such a transition arising out of wave-turbulence interactions can be of quite general interest in sheared flows under stronger stratification (with significant wave dynamics), and needs to be accounted for in the parameterization of microscale atmospheric turbulence in mesoscale meteorological models.
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